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(54) Cooperating capillary and cap for use in a high-pressure freezer

(57)  Assembly of cooperating capillary (1) and cap
(2) for containing an aqueous solution (3) in an inner vol-
ume of the capillary, the assembly equipped to be used
in a high pressure freezer in which the aqueous solution
is frozen at a high pressure to form an amorphous frozen
sample at a cryogenic temperature, the inner volume of
the capillary having a diameter of less than 500 um, pref-
erably less than 350 um, and the cap equipped to form
a closure to one end of the capillary, characterized in that
the part of the cap that is in contact with the inner volume

20

of the capillary when the cap forms a closure, shows an
indent, as a result of which the cap, after freezing the
aqueous solution, can be removed from the capillary and
a free standing pillar of frozen aqueous material extends
from the capillary.

As a result of this the metal of the capillary need not
be cut and related artifacts are eliminated. Further in-
spection is preferably done using a focused ion beam
forming block-face or lamella and an electron beam for
the inspection of the sample.

FIG. 2a
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Description

[0001] The invention relates to an assembly of coop-
erating capillary and cap for containing an aqueous so-
lution in an inner volume of the capillary, the assembly
equipped to be used in a high pressure freezer in which
the aqueous solution is frozen at a high pressure to form
an amorphous frozen sample ata cryogenic temperature,
the inner volume of the capillary having a diameter of
less than 500 pwm, preferably less than 350 pm, and the
cap equipped to form a closure to one end of the capillary.
[0002] The invention furtherrelates to a method for us-
ing such an assembly.

[0003] Such an assembly is known from, for example,
US patent No. 6,758,362 to Leica AG .

[0004] High pressure freezing (HPF) is a technique
used to form samples with amorphous ice. It is known
that such samples can be formed by rapidly cooling a
thin sample, but a cooling rate in excess of 104 K/s must
be used as otherwise ice crystals may form. It is known
that a lower cooling rate can be used provided that the
sample is pressurized. At a pressure of approximately
2100 bar a cooling rate of, for example, 103 K/s results
in an amorphous (vitrified) sample. Due to this lower cool-
ing rate thicker samples can be formed. Also the success
rate (percentage of samples that are free of ice crystals)
may be increased.

[0005] Itis noted that amorphousice is stable at a tem-
perature below the glass transition temperature of water,
which is approximately 135 K.

[0006] The known patent to Leica AG describes the
use of a metal capillary that is loaded with an aqueous
solution comprising sample material. Typically the metal
capillary has an outer diameter of 650 wm and an inner
diameter of 350 um (derived from the "Operating manual
specimen tube system" for LEICA EM PACT2). The
aqueous solution is contained in a still smaller capillary
made of, for example, cellulose or a polymer, that fits
within the metal capillary. If a cellulose capillary is used
it is preferably surrounded by a thin layer of a non water-
miscible fluid, such as a hydrocarbon with a low freezing
point (preferably less than - 120°C), for example 1-pen-
tene, 1-chlorobutane, or the like. Preferably the metal
capillary shows two ends, each showing a conical indent
or conical recess. One end of the capillary is closed by
a cap ending in a cone, the top of the cone fitting and
centering in the recess of the capillary. The other end of
the capillary is connected to a high pressure tube via a
steel tube with a conical end, the end fitting in the recess
ofthe capillary. The tube connects the capillary in working
to a high pressure fluid, such as oil, to pressurize the
aqueous solution within the capillary to a pressure of pref-
erably 2100 bar.

[0007] The sample is vitrified by pressurizing it to ap-
proximately 2100 bar and quickly cooling it to a temper-
ature below the glass transition temperature, after which
the sample is depressurized. As the sample is surround-
ed by a liquid, the whole cellulose inner capillary can then
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be extruded by pushing it out of the metal capillary with,
for example, a wire or drill bit of appropriate diameter.
[0008] A disadvantage of this method is that a large
part of the already small volume of the metal capillary is
filled with non-sample material: not only the cellulose of
polymer capillary, but also the non-water miscible mate-
rial is presentin the metal capillary with an inner diameter
of only 350 pm.

[0009] It is noted that it is also known to fill the metal
capillary completely with sample material, and work with-
out the cellulose capillaries. In that case the metal cap-
illary must be opened after freezing the sample, for ex-
ample by shaving it with a microtome.

[0010] A disadvantage of this method is that the ex-
posed sample material may be deformed due to the forc-
es exerted thereon when removing the metal (when
opening the capillary).

[0011] Inyetanother method the metalis removed with
an ion beam using a Focused lon Beam machine or a
machine equipped with both an electron beam column
and an ion beam column. This has the advantage that
the sample can be inspected with the electron beam col-
umn and the sample can be machined with the ion beam
column for forming a block face or a lamella. However,
adisadvantage is that the milling rate of metal is relatively
low, and that it thus takes long to expose sample material.
[0012] There is a demand for a method offering higher
throughput, without deformation. The invention intends
to offer such a method.

[0013] To thatend the part of the cap thatis in contact
with the inner volume of the capillary when the cap forms
a closure, shows an indent, as a result of which the cap,
after freezing the aqueous solution, can be removed from
the capillary and a free standing pillar of frozen aqueous
material extends from the capillary.

[0014] By forming the cap such that sample material
extends in an indent (preferably a conical recess), inven-
tors found that, when the sample was frozen, the cap
could be removed leaving a part of the sample material
exposed and accessible to further inspection.

[0015] Itis noted that freeing the sample and forming,
for example, block faces and/or lamella must be done at
atemperature below the glass transition temperature, as
otherwise (re)crystallization occurs. Therefore the sam-
ple must be kept at a temperature of approximately
-130°C or less from the moment of freezing until it is in-
spected, or treated such that it can be thawed (for exam-
ple by freeze-substitution).

This is true for a method using the prior are cap-and-
capillary as well as for the method using the cooperating
cap-and-capillary according to the invention.

[0016] Preferably the capillary is a metal capillary,
more specifically steel or copper. The cap should show
a high thermal conductivity and a low thermal capacity,
enabling fast cooling of the material in the indent, and
should thus preferably be made of a metal or a ceramic
material.

[0017] Itis noted that to avoid that sample material in
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the cap is broken from the sample material in the capillary
and stays in the cap when removing the cap, the depth
ofthe indentis preferably halfthe diameter of the capillary
or less. In the case of a cone the resultant top angle is
thus 90° or more. Furthermore the cone is preferably
blunted, lacking a sharp top.

[0018] In an aspect of the invention a method of in-
specting a cryogenic sample, the method comprising:

*  Providing sample material in an assembly of a co-
operating capillary and cap

* Inserting the assembly in a high pressure freezer,

e Form an amorphous cryogenic sample,

¢ Remove the cap from the capillary,

* Inspecting the frozen sample material at a cryogenic
temperature

Is characterized in that

e The cap is a cap with an indent, and
¢ Whenremoving the cap a free standing pillar of sam-
ple material is exposed.

[0019] The inspection may be the inspection of a block
face, or the inspection of lamella (thin slices).

[0020] Inanembodimentthe inspection comprises the
inspection with a charged particle beam.

[0021] This embodiment describes inspecting the
sample with an electron beam, anion beam, or a charged
cluster beam. As known to the person skilled in the art
an electron beam offers a very high resolution (from 1
nm at 200 eV using a Scanning Electron Microscope
(SEM) to 0.05 nm at 300 keV using a TEM)

[0022] In another embodiment the surface of the block
face or the lamella is machined with an ion beam.
[0023] Forming the surface to be inspected by machin-
ing the sample with a focused ion beam results in a
smooth surface without exerting pressure to the sample,
and also enables the fabrication of very thin lamella as
needed in hi-resolution Transmission Electron Microsco-
py (TEM).

[0024] By thus machining the sample inside the
charged particle apparatus, a block-face or lamella can
be made and inspected, after which a slice can be re-
moved and another block-face or lamella can be inspect-
ed. This is known as Slice&View, and is described in, for
example, "Site Specific Three-dimensional Structural
Analysis in Tissues and Cells Using Automated Dual-
Beam Slice &View", B. Lich, Microscopy Today, March
2007, pp 26 - 30, further referred to as Lich [-1-]. As the
sample need not be taken outside of the capillary, no
shearing of the capillary is needed (which may result in
deformation of the sample material) and also no metal
needs to be removed

(thus resulting in a higher throughput). It is noted that the
combination of completely in-situ Slice&View working al-
so results in faster work method.

[0025] In yet another embodiment the lamella is in-
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spected after freeze substitution.

[0026] Freeze substitution offers the possibility to ex-
change the water in the sample to other materials, re-
sulting in a so-called fixed sample that can be inspected
at room temperature. Such a process is described in, for
example, International Application Publication WO
2012/038484 to the University of Utrecht Holding BV.
[0027] The foregoing has outlined rather broadly the
features and technical advantages of the present inven-
tion in order that the detailed description of the invention
that follows may be better understood. Additional fea-
tures and advantages of the invention will be described
hereinafter. It should be appreciated by those skilled in
the art that the conception and specific embodiments dis-
closed may be readily utilized as a basis for modifying or
designing other structures for carrying out the same pur-
poses of the present invention. It should also be realized
by those skilled in the art that such equivalent construc-
tions do not depart from the invention as set forth in the
appended claims.

[0028] For a more thorough understanding of the
presentinvention, and advantages thereof, the invention
is explained using figures, in which identical reference
numerals indicate corresponding features.

[0029] To thatend:

Figure 12 schematically shows a prior art cap-and-
capillary;

Figure 1P schematically shows a detail of figure 13;
Figure 22 schematically shows a cap-and-capillary
according to the invention;

Figure 2P schematically shows a detail of figure 22

[0030] Figure 12 schematically shows a prior art cap-
and-capillary;
[0031] Figure 12 shows a capillary 1 that is filled with

aqueous sample material 3. On the left side the capillary
is closed at one end with a cap 2, forming a seal with the
capillary. The capfits in a holder 4, while a ferrule 5 keeps
the capillary centered. On the right side a ferrule 6 keeps
the capillary centered, and a cap 7 is held in a holder 8.
Cap 7 shows an axial channel 9 for feeding hydraulic
fluid to the inside of the capillary, thereby pressurizing
the inside of the capillary, and thus the sample material 3.
It is noted that the holder 4 and holder 8 are connected
to each other before inserting it in the high-pressure
freezer.

It is noted that the main function of ferrules 5 and 6 is to
avoid bending out of the capillary when the caps 2 and
7 are pressed against the capillary.

[0032] The capillary is first filled with the sample ma-
terial, for example a solution comprising cells or cell frag-
ments, proteins, viruses, etc. Then the capillary is insert-
ed in the holder, the caps are pressed to the capillary to
form a seal and the holder with the capillary and caps is
inserted in the high-pressure freezer. The pressure is
increased to approximately 2100 bar by means of the
hydraulic fluid in channel 9 and a cryogenic fluid is blown
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against the capillary. As a result the temperature of the
capillary and its contents is quickly lowered and the aque-
ous solution is turned in an amorphous frozen material.
In this context amorphous means without observable ice
crystals. While keeping the capillary and its contents at
a cryogenic temperature (below the glass transition tem-
perature) the capillary is then depressurized and taken
out of the holders 4 and 8.

The capillary is then cut or shaved open, after which the
sample material (cells or cell fragments, proteins, virus-
es, etc.) becomes exposed.

Itis noted that, to avoid crystallization and also the avoid
condensation of ice on the capillary, the handling is pref-
erably done in a bath of a cryogenic fluid, such as liquid
nitrogen.

[0033] Exposing the sample material by cutting and
exposing it by shaving the capillary often implies defor-
mation of the capillary and its frozen contents. Even the
use of amicrotome or an ultramicrotome does not prevent
this.

[0034] It is noted that first of all the sample material
close to the distal end of the capillary where cap 2 fits in
the capillary is likely to show ice crystals, as the ferrule
prevents the cooling liquid to come in good thermal con-
tact with the capillary, especially as there is no easy path
to enter the volume 10.

[0035] Cut-out A is shown in more detail in figure 1°.
[0036] Figure 1P shows detail A of figure 12.

[0037] Figure 1° shows a cap 2 closing capillary 1. The
capillary contains sample material 3, either liquid (before
freezing) or as an amorphous frozen sample (after high-
pressure freezing). Furthermore ferrule 5 is shown, the
ferrule necessary to avoid the capillary bending out-
wards.

[0038] Attention is drawn to the face 11 that is the most
protruding part of the capillary, and face 12 that is the
protruding part of the frozen material. Clearly no part of
the sample material extends from the capillary, and even
when the sample material in this extremity of the capillary
should be well frozen (amorphous) - which is unlikely due
to aforementioned reasons- easy inspection of the sam-
ple material is impossible.

[0039] Figure 22 schematically shows a cap-and-cap-
illary according to the invention.

[0040] Figure 22 can be thought to be derived from
figure 12. but differs from figure 12 in that:

¢ Ferrule 25is different from ferrule 5 to enable cooling
liquid to blow against the end of the capillary;

¢ Holder 24 differs from holder 4 in that it is perforated
with several holes (hole 26 shown) to direct the cool-
ing liquid to the capillary;

e Cap22differsfromcap 2 in that it contains an indent;

e Capillary 20 has a sharp needle end fitting in the
indent of cap 22.

[0041] It is noted that in this figure both ends of the
capillary are sharp tipped and the other cap, cap 7, also
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shows an indent, this to avoid that the capillary is loaded

wrong.
[0042] Detail B is shown in more detail in figure 2P.
[0043] Figure 2P shows detail B shown in figure 2a.
[0044] The differences are already discussed. As

plane 10 now extends from the capillary, frozen material
is left exposed (outstanding) when removing the cap.
[0045] Figure 3 shows the capillary after removal of
the cap. Clearly visible a part of the sample is left ex-
posed, including an (encapsulated) cell 31. After machin-
ing the frozen sample with an ion beam along plane 30
a block-face is left to be inspected with, for example, an
electron beam, an X-ray beam, or the like. Alternatively
lamella can be formed and inspected, the lamella either
connected to the bulk as described in Lich [-1-], ormount-
ed to a manipulator and lifted out of the bulk as described
in, for example, US patent No. US 5,270,552 to Hitachi.
[0046] Itis noted that the block-face or the lamella can
be formed without using the ion beam to remove metal,
resulting in a high average mill rate

[0047] Figure 4 shows an alternative capillary accord-
ing to the invention.

[0048] For optimum quality near the end of the capil-
lary, the cooling fluid used by the high-pressure freezer
should have free access to said extremity. The ferrule 24
used in figure 2, even when perforated, hampers free
access. Therefore a way was found in which said spe-
cifically ferrule 24 can be deleted, without having an en-
larged chance that the capillary would bend-out. To that
end alarge part 40 of the capillary is formed with a thicker
wall, making that part thereby stiffer and less susceptible
to bending out.

[0049] As the capillary is preferably symmetric, the
sample also holds for ferrule 6.

[0050] Successful experiments were done with a cop-
per capillary closely resembling the drawing shown in
figure 4, in which D1 was 3 mm, D2 was 0.65 mm and
D3 was 0.3 mm. L was approximately 18 mm.

[0051] Itis noted that, due to the thicker wall, the freez-
ing within the part of the capillary with the thicker wall
may have occurred slower, resulting inice crystals. How-
ever, as this part is not inspected anyway, crystallization
in the part with a thick wall is not seen as a problem.

Non-patent literature.

[0052] [-1-]"Site Specific Three-dimensional Structur-
al Analysis in Tissues and Cells Using Automated Dual-
Beam Slice &View", B. Lich, Microscopy Today, March
2007, pp 26 - 30.

Claims

1. Assembly of cooperating capillary (1) and cap (2) for
containing an aqueous solution (3) in an inner vol-
ume of the capillary, the assembly equipped to be
usedin a high pressure freezer in which the aqueous
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solution is frozen at a high pressure to form an amor-
phous frozen sample at a cryogenic temperature,
the inner volume of the capillary having a diameter
of less than 500 pwm, preferably less than 350 pum,
and the cap equipped to form a closure to one end
of the capillary,

Characterized in that

The part of the cap that is in contact with the inner
volume of the capillary when the cap forms a closure,
shows an indent, as a result of which the cap, after
freezing the aqueous solution, can be removed from
the capillary and a free standing pillar of frozen aque-
ous material extends from the capillary.

The assembly of claim 1 in which the indent takes
the form of a conical indent or a truncated conical
indent and the free standing pillar takes the form of
a cone or a truncated cone.

The assembly of claim 1 or claim 2 in which the indent
has a diameter larger than its depth.

The assembly of any of the preceding claims in which
the capillary is a metal capillary.

The assembly of any of the preceding claims in which
the cap is a metal cap or a ceramic cap.

The assembly of any of the preceding claims in which
the wall thickness of the capillary in the middle is
thicker than atleast the end of the capillary that forms
a closure with the cap.

Method of inspecting a cryogenic sample, the meth-
od comprising:

* Providing sample material in an assembly of a
cooperating capillary and cap

*Inserting the assembly in a high pressure freez-
er,

» Form an amorphous cryogenic sample,

* Remove the cap from the capillary,

* Inspecting the frozen sample material at a cry-
ogenic temperature

Characterized in that

» The cap is a cap with an indent,
* When removing the cap a free standing pillar
of sample material is exposed.

The method of claim 7 in which the sample material
is inspected in the sample chamber of a charged
particle beam and the surface of the sample material
is machined with a focused ion beam to form a block
face or a lamella.

The method of claim 8 in which the cap is removed
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from the capillary in the sample chamber.

10. The method of any of claims 6-9 in which the sample

is a lamella and the sample is inspected after freeze
substitution.
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FIG. 1B (PRIOR ART)
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